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troni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∗
Department of Physis, Indian Institute of Tehnology, Powai, Mumbai- 400076, India
To understand the pressure-indued hanges in the eletroni struture and the eletron-phonon
interation in yttrium, we have studied hexagonal lose-paked (hp) yttrium, stable at ambient
pressure and double hexagonal lose-paked (dhp) yttrium, stable up to around 44 GPa, using
density-funtional-based methods. Our results show that as one goes from hp yttrium to dhp
yttrium, there is (i) a substantial harge-transfer from s → d with extensive modiations of the d-
band and a sizable redution in the density of states at the Fermi energy, (ii) a substantial stiening
of phonon modes with the eletron-phonon oupling overing the entire frequeny range, (iii) an
inrease in the eletron-phonon oupling onstant λ from 0.55 to 1.24, leading to a hange in the
superonduting transition temperature Tc from 0.3 K to 15.3 K for µ
∗ = 0.2.
I. INTRODUCTION
The hange in the superonduting transition temper-
ature Tc in yttrium from 6 mK at ambient pressure
1
to
around 20 K at 115 GPa2, onurrent with the hange
in its rystal struture
3,4
, undersores the intriate rela-
tionship between pressure-indued s → d harge trans-
fer, dynamial response of the lattie and its oupling
to Fermi eletrons. The experiment on yttrium fol-
lows the reent observation of superondutivity in om-
pressed lithium at a Tc of 20 K
5,6
, bringing into fous
the pressure-indued hanges in the eletron-phonon in-
terations in elemental metals, espeially the alkali and
the early-transition metals
7,8,9
.
Experimentally, yttrium follows the equilibrium stru-
ture sequene hp→Sm-type→dhp→trigonal as the
pressure is inreased from ambient to 50 GPa at room
temperature
3
. It is expeted that yttrium will stabilize
in a body-entered ubi struture at pressures above 280
GPa
10
. On the other hand, The superonduting tran-
sition temperature Tc hanges from 6 mK at ambient
pressure
1
to around 1.3 K at 11 GPa11, and then to 17
K at 89 GPa2. A further inrease in pressure to 115 GPa
results in a Tc = 20 K. Surprisingly, it seems possible
that for pressures greater than 115 GPa, yttrium ould
superondut with a Tc higher than that of 20 K.
In an eort to understand the pressure-indued
hanges in the superonduting properties of yttrium vis-
a-vis the hanges in its stable rystal struture, we have
studied, using density-funtional based methods, (i) the
eletroni struture, (ii) the phonon density of states, (iii)
the eletron-phonon interation, and (iv) the solutions of
the isotropi Eliashberg gap equation for hp and dhp
yttrium at ambient pressure and at around 50 GPa.
We have alulated the eletroni struture of hp and
dhp yttrium using full-potential, linear mun-tin or-
bital (LMTO) method
12,13
as well as the plane-wave
pseudopotential method using Quantum-ESPRESSO
pakage
14
. Using the linear response ode based on the
LMTO method, we have alulated the phonon DOS,
F (ω), and the Eliashberg funtion, α2F (ω), for hp and
dhp yttrium. Subsequently, we have numerially solved
the isotropi Eliashberg gap equation
15,16,17
for a range
of µ∗ to obtain the orresponding superonduting transi-
tion temperature Tc. After the ompletion of the present
work, we have ome aross the work of Yin et al.
18
, whih
uses the hypothetial f struture to desribe the eets
of pressure in yttrium.
Based on our alulations, desribed below, we nd
that as one goes from hp yttrium to dhp yttrium, there
is (i) a substantial harge-transfer from s → d with ex-
tensive modiations of the d -band, (ii) a stiening of
phonon modes with the eletron-phonon oupling over
the entire frequeny range, (iii) an inrease in eletron-
phonon oupling onstant λ from 0.55 to 1.24, leading to
a hange in the superonduting transition temperature
Tc from 0.3 K to 15.3 K for µ
∗ = 0.2, onsistent with
experiment.
II. THEORETICAL APPROACH AND
COMPUTATIONAL DETAILS
The density-funtional theory provides a reliable
framework for implementing from rst-priniples the
Migdal-Eliashberg approah for alulating the superon-
duting properties of metals. Suh an approah has been
implemented using the full-potential LMTOmethod
12,13
.
In general, the phonon density of states is given by
F (ω) =
∑
qν
δ(ω − ωqν),
where ωqν is the qν-th phonon mode assoiated with the
atomi displaements. Using the eletron-phonon matrix
elements gqνk+qj′,kj, whih an be interpreted as the sat-
tering of eletron in state |kj > to state |k+ qj′ > due
to perturbation arising out of the phonon mode ωqν, we
an alulate the phonon line width γqν
γqν = 2πωqν
∑
kjj′
|gqνk+qj′,kj|
2δ(ǫkj − ǫF )δ(ǫk+qj′ − ǫF ).
where N(εF ) is the eletroni density of states at the
Fermi energy. Now, we an ombine the eletroni
density of states, phonon spetrum and the eletron-
phonon matrix elements to obtain the Eliashberg fun-
tion α2F (ω) dened as
2α2F (ω) =
1
2πN(ǫF )
∑
qν
γqν
ωqν
δ(ω − ωqν)
Finally, the Eliashberg funtions an be used to solve the
isotropi gap equation
15,16,17
∆(iωn) =
|ω
n
′ |<ωc∑
n′
fn′S(n, n
′)∆(iωn′)
to obtain the superonduting properties suh as the su-
peronduting transition temperature Tc. The funtion
S(n, n′) used in the gap equation is dened by
S(n, n′) ≡ λ(n− n′)− µ∗ − δnn′
∑
n′′
snsn′′λ(n− n
′′)
and fn = 1/|2n+ 1| with sn representing the sign of ωn.
The eletron-phonon oupling λ(ν) is given by
λ(ν) =
∫ ∞
0
dωα2F (ω)
2ω
ω2ν + ω
2
.
Before desribing our results, we provide some of the
omputational details of the present alulations.
The self-onsistent eletroni strutures of hp and
dhp yttrium in P63/mmc rystal struture, having
two and four yttrium atoms in the respetive primi-
tive ells, were alulated using the pwsf ode of the
Quantum-ESPRESSO pakage and the full-potential,
LMTO method. The results obtained with the pwsf
ode are used to study the equation of state of yttrium.
All other properties of yttrium, desribed below, have
been obtained with the full-potential, LMTOmethod and
linear response ode based on the LMTO method.
The plane-wave pseudopotential method with Vander-
bilt's ultrasoft pseudopotentials were used to alulate
the eletroni struture of hp and dhp yttrium with
259 k-points in the irreduible Brillouin zones. The ul-
trasoft pseudopotential used also inluded the 4s and 4p
states with nonlinear ore orretion. The kineti en-
ergy uto for the wavefuntion was taken to be 35 Ry,
while for the harge density and the potential the kineti
energy uto were 200 Ry. For exhange-orrelation po-
tential we used the loal-density approximation as given
by Perdew et al
19
. These alulations were used to study
the equation of state of yttrium.
The harge self-onsistent, full-potential, linear mun-
tin orbital alulations for hp and dhp yttrium were
arried out with the loal-density approximation for
exhange-orrelation of Perdew et al
19
with 2κ-energy
panels and 610 and 549 k-points respetively, in the or-
responding irreduible wedges of the hexagonal Brillouin
zones. The 4s state of yttrium was treated as a semiore
state, while the 4p state was treated as a valene state.
The basis set used onsisted of s, p, and d orbitals at the
yttrium site, and the potential and the wave funtion
were expanded up to lmax = 6. The mun-tin radii for
yttrium at zero pressure and at 50 GPa were taken to be
3.3 and 2.8 atomi units, respetively. These alulations
were used to study the s-, p- and d -resolved densities of
states, the band-struture along the high symmetry di-
retions in the hexagonal Brillouin zones and the Fermi
surfaes of hp and dhp yttrium. The Fermi surfaes of
hp and dhp yttrium were onstruted using XCrySDen
program
20
with eigenvalues alulated on a 36× 36× 24
and 36×36×12 grid in the reiproal spae respetively.
The phonon density of states and the Eliashberg fun-
tion of hp and dhp yttrium were alulated using the
linear response ode based on the full-potential, LMTO
method. The dynamial matries and the eletron-
phonon matrix elements of hp and dhp yttrium were
alulated on a 6× 6× 4 and 6× 6× 2 grids respetively,
resulting in 21 and 14 irreduible q-points. The Brillouin
zone integrations during linear response alulations for
hp and dhp yttrium were arried out using a 12×12×8
and 12×12×4 grids of k-points. The Fermi surfae sam-
pling for the evaluation of the eletron-phonon matrix el-
ements for the two strutures were done using 36×36×24
and 36× 36× 12 grids.
III. RESULTS AND DISCUSSION
In this setion we desribe the results of our alu-
lations of the eletroni struture, the linear response
and the solutions of the isotropi Eliashberg gap equa-
tion for hp and dhp yttrium. Our results are desribed
in terms of (i) equation of state, (ii) eletroni struture,
(iii) eletron-phonon interation, and (iv) superondut-
ing transition temperature obtained from the solutions
of the isotropi Eliashberg gap equation.
A. Equation of State
The alulated equations of state of yttrium in hp
and dhp phases are shown in Fig. 1. These equations of
state are obtained by tting the alulated total energy
versus volume points to the third-order Birh-Murnaghan
equation of state
21
. The value of c/a was optimized by
iteratively minimizing the total energy as a funtion of
volume. The lattie onstants a and c at zero and 50
GPa for both hp and dhp phases, as obtained through
the above proedure, are given in Table I. However, the
lattie onstant a for the high-pressure dhp phase of
yttrium orresponds to the ompressed volume equal to
0.56v0, with the ideal c/a = 3.25 and where v0 is the
experimentally determined equilibrium volume of the hp
phase. The lattie onstants as given in Table I have
been used in all the alulations reported below. We
also note that in our disussion, we will emphasize the
stable strutures, viz. hp at zero pressure and dhp at
50 GPa pressure, more than the unstable strutures at
these pressures.
3Figure 1: The equation of state (top panel) of hp (solid line)
and dhp (dotted line) yttrium, the dierene in energy ∆E
(middle panel, dashed line) and enthalpy ∆H (bottom panel,
dashed line) of dhp yttrium with respet to hp yttrium as
a funtion of volume per atom.
Table I: The lattie onstants of hp and dhp yttrium used
in the alulations. The experimental values
3
are given in the
parentheses.
struture pressure (GPa) a (a.u.) c/a
hp 0 6.775 (6.895) 1.56 (1.571)
hp 50 5.604 1.65
dhp 0 6.811 3.20
dhp 50 5.619 3.25
The alulated lattie onstants for hp yttrium at zero
pressure, as given in Table I, are somewhat smaller than
the experimental values, as expeted in loal-density ap-
proximation. We nd the bulk modulus of hp yttrium
at equilibrium to be 39.4 GPa, whih ompares well with
the experimental value of 41 GPa3. In Fig. 1, we also
show the energy and enthalpy of dhp yttrium with re-
spet to hp yttrium as a funtion of volume. At zero
pressure the dhp phase is approximately 3 mRy higher
in energy than the hp phase. However, with inrease
in pressure both energy and enthalpy of the dhp phase
beomes lower than the hp phase, in agreement with
experiment.
B. Eletroni Struture
We show in Fig. 2, the alulated band-struture
along high symmetry diretions in the hexagonal Bril-
louin zones of hp and dhp yttrium at both zero and at
50 GPa pressure. The band orresponding to 4p state is
muh lower in energy, and it is not shown in the gure.
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Figure 2: The band-struture along high symmetry diretions
in the hexagonal Brillouin zones of (a) hp yttrium at ambi-
ent pressure, (b) dhp yttrium at 50 GPa, () hp yttrium
at 50 GPa and (d) dhp yttrium at ambient pressure. The
horizontal line, passing through the energy zero, indiates the
Fermi energy.
4We nd that in the ase of hp yttrium at zero pressure
only two bands, the 3rd and the 4th bands in Fig. 2 (a),
ross the Fermi energy. Based on the band-struture,
we expet the states lose to the zone boundary suh
as M, K, H, and L symmetry points to ontribute to
the eletron-phonon oupling. For dhp yttrium with 4-
atom basis, we nd that there are four bands rossing the
Fermi energy at 50 GPa, as shown in Fig. 2 (b). There
are states around symmetry points M, K and H that are
lose to Fermi energy, therefore we expet these states
to play an important role in eletron-phonon oupling in
ompressed dhp yttrium. Due to harge transfer from
s → d the bottom of the s-band moves slightly up in
dhp yttrium as an be seen by omparing Figs. 2 (a)
and 2 (b).
In Figs. 2 ()-(d), we show the band-struture of hp
phase at high pressure and dhp phase at ambient pres-
sure, respetively. We nd that the inrease in pressure
has hanged the band-struture of the hp phase, espe-
ially along Γ-A and around symmetry points K and H, in
suh a way that it looks similar to the high pressure dhp
phase. In partiular, the at portion along K-H in the
hp phase, as shown in Fig. 2 (a), has been ompletely
modied at high pressure, as shown in Fig. 2 ().
A more omprehensive piture of s→ d harge transfer
an be obtained by omparing the densities of states of
hp and dhp yttrium. In Fig. 3, we show the total
and the l -resolved densities of states of hp and dhp
yttrium. By omparing the total densities of states in the
two strutures, we nd that many more states are reated
between −0.26 Ry and −0.16 Ry in the ompressed dhp
yttrium to aommodate the pushed out s-eletrons as
well as the d -eletrons pushed further inside from the
attened portion of the d -band near the Fermi energy.
We also nd that in the energy interval −0.2 Ry to −0.05
Ry, some p-states are also reated in the ompressed dhp
yttrium.
The density of states around the Fermi energy plays an
important role in determining the eletron-phonon inter-
ation in metals. In the present ase, we nd that the
total density of states of 22.8 st/Ry atom at the Fermi
energy in hp yttrium redues to 13.4 st/Ry atom in dhp
yttrium. The redution in s and d states are from 0.71
and 20.9 st/Ry atom in hp yttrium to 0.6 and 11.7 st/Ry
atom in dhp yttrium, respetively. Usually, an inrease
in the density of states at the Fermi energy strengthens
the eletron-phonon oupling. However, in spite of a de-
rease in the density of states at the Fermi energy as yt-
trium is ompressed, there is an inrease in the strength
of the eletron-phonon oupling.
The hanges in the densities of states of the unsta-
ble phases of yttrium, namely hp at high pressure and
dhp at ambient pressure, are shown in Fig. 3 (b). The
pressure-indued hanges in going from ambient pressure
dhp phase to high pressure hp phase are qualitatively
similar to that of hp to dhp as desribed above. For
example, the total density of states of 21.1 st/Ry atom at
the Fermi energy in dhp yttrium, at ambient pressure,
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Figure 3: The s, p, d and the total densities of states of (a)
hp yttrium at ambient pressure (solid line) and dhp yttrium
at 50 GPa (dashed line), and (b) hp yttrium at 50 GPa (solid
line) and dhp yttrium at ambient pressure (dashed line). The
vertial, dashed line indiates the Fermi energy.
redues to 13.1 st/Ry atom in hp yttrium at high pres-
sure. The hanges in s and d states are from 0.58 and
19.3 st/Ry atom in dhp yttrium to 0.6 and 11.5 st/Ry
atom in hp yttrium at high pressure, respetively.
The topology of the Fermi surfae is useful in under-
standing many of the reiproal-spae-based properties
of the solids. In partiular, at portions of the Fermi
surfae an give rise to peaks in the response funtion,
leading to a substantial inrease in the response funtion.
In the ase of ompressed lithium, it has been shown that
the at portions of the orresponding Fermi surfae, re-
sulting in Fermi surfae nesting, substantially enhane
the eletron-phonon interation
7,8,9
.
In the present ase, the alulated Fermi surfaes of
hp and dhp yttrium are shown in Fig. 4. In hp yt-
trium, the 3rd band gives rise to a ylindrial tube along
Γ-A, onneted to a panake-like struture with hexago-
nal symmetry on either end, while the fourth band gives
5(a) (b)
() (d)
Figure 4: The Fermi surfae of (a) hp yttrium at ambient
pressure, (b) dhp yttrium at 50 GPa, () hp yttrium at 50
GPa, and (d) dhp yttrium at ambient pressure.
rise to a ylindrial tube along Γ-A with a bigger radius.
Due to pressure, the Fermi surfae of yttrium is substan-
tially altered, as an be seen in Fig. 4 where we also
show the Fermi surfae of dhp yttrium. The most ob-
vious thing to note is the redution along kz-diretion of
the Fermi surfae of dhp yttrium by half. It is due to
the doubling of the unit ell along the z -diretion as one
goes from hp to dhp struture. The ylindrial tube
has separated from the panake-like surfae and, in ad-
dition, we nd some at portions on the M-K-H-L plane
with webbing
22
like features.
As shown in Figs. 4 ()-(d), the hange in pressure does
not substantially alter the shape of the Fermi surfaes
of either hp or dhp phase. However, to be able to
ompare the Fermi surfaes of hp and dhp phases at
ambient pressure, we have alulated the Fermi surfae
of hp phase after doubling the length of its primitive ell
along c−diretion. A band-by-band omparison of the
two Fermi surfaes of hp and dhp phases at ambient
pressure is shown in Fig. 5. The smaller values of a and
c/a in hp phase ompared to dhp phase are responsible
for bigger Brillouin zones orresponding to the hp phase.
The dierenes in the Fermi surfaes of the two phases
an then be attributed to the way the four basis atoms
are distributed in the respetive unit ells.
C. Eletron-Phonon Interation
The primary objetive of the present study is to un-
derstand the pressure-indued inrease in the superon-
duting transition temperature Tc of yttrium. Within
the onventional BCS theory of superondutivity, a
(a) (b)
() (d)
(e) (f)
(g) (h)
Figure 5: The Fermi surfae of hp (left olumn) and dhp
(right olumn) yttrium, both at ambient pressure, orre-
sponding to (a-b) band number 1, (-d) band number 2, (e-f)
band number 3, and (g-h) band number 4.
hange in Tc arises due to hanges in the phonon spe-
trum and/or the eletron-phonon spetral funtion (also
known as the Eliashberg funtion). Usually, with inreas-
ing pressure the lattie hardens resulting in an inrease
in the phonon frequenies. At the same time, it is also
possible for some phonon modes to soften and, in some
ases, it may lead to lattie instability.
In Fig. 6, we show the phonon density of states
F (ω) of stable hp and dhp yttrium, alulated using
the density-funtional theory as desribed earlier. The
phonon density of states of hp yttrium, as given in Fig.
6, is somewhat harder than the results of Heid et al
23
.
The maximum phonon frequeny is about 29 meV with
a large peak entered at 26 meV. We nd that for q = 0,
the maximum frequeny has a ontribution from the two
basis atoms moving along the z -axis in opposite dire-
tions. By omparing the F (ω) of dhp yttrium with that
of stable hp phase, we learly see the hardening of the
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Figure 6: The phonon density of states F (ω) (top panels in (a)
and (b)) and the Eliashberg funtion α2F (ω) (bottom panels
in (a) and (b)) of (a) hp yttrium at ambient pressure (solid
line) and dhp yttrium at 50 GPa (dashed line), and (b) hp
yttrium at 50 GPa (solid line) and dhp yttrium at ambient
pressure (dashed line).
lattie as reeted in the inrease of the maximum fre-
queny to 41.8 meV with a broad peak at around 36.9
meV. We nd that for q = 0, the maximum frequeny
has ontribution from the four basis atoms, separated
into two groups of equivalent atoms, both groups moving
along the z -axis in opposite diretions.
To see the pressure-indued hanges in the eletron-
phonon interation in yttrium, we have alulated the
Eliashberg funtion α2F (ω) of hp and dhp yttrium as
shown in Fig. 6. A omparison of α2F (ω) of hp and
dhp yttrium shows that the eletron-phonon oupling
is weaker in hp yttrium than in dhp yttrium. In par-
tiular, the average eletron-phonon oupling onstant λ
is equal to 0.55 for hp yttrium and 1.24 for dhp yt-
trium. The pressure-indued inrease in λ ours due to
enhaned oupling between 12− 25 meV and due to the
oupling of those phonons that arise due to the hard-
ening of the lattie. Thus, we nd that the Eliashberg
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Figure 7: The partial λq along high symmetry diretions
in the hexagonal Brillouin zones of (a) hp yttrium at am-
bient pressure (lled irles onneted with solid line) and
dhp yttrium at 50 GPa (lled squares onneted with dashed
line), and (b) hp yttrium at 50 GPa (lled irles onneted
with solid line), and dhp yttrium at ambient pressure (lled
squares onneted with dashed line). The solid and the dot-
ted lines onneting the alulated points are only a guide to
the eye.
funtion α2F (ω) extends up to 41.8meV in dhp yttrium.
The higher frequeny ouplings are more eetive in rais-
ing the superonduting transition temperature than the
lower frequeny ouplings.
The role played by the rystal struture in determining
F (ω) and α2F (ω) an be seen from Fig. 6 (b), where we
show F (ω) and α2F (ω) for the unstable hp and dhp
yttrium phases. Not surprisingly, now it is the ambient
pressure dhp phase of yttrium whih has a lower maxi-
mum frequeny of 27.5 meV with the high pressure hp
phase having a higher maximum frequeny of 43.6 meV.
Consequently, the eletron-phonon oupling is weaker in
the dhp phase than in the hp phase, leading to λ = 0.47
for dhp yttrium and λ = 1.2 for hp yttrium.
To gain further insight into the nature of eletron-
phonon oupling, we show in Fig. 7 the q-resolved partial
λq along symmetry diretions in the orresponding Bril-
louin zones for stable and unstable hp and dhp phases
of yttrium. We nd that as we go from ambient pres-
sure hp phase to high pressure dhp phase, the eletron-
phonon oupling enhanes substantially around symme-
7Table II: The alulated average eletron-phonon oupling
onstant λ, the root mean square frequeny ωrms and the su-
peronduting transition temperature Tc obtained with µ
∗ =
0.2, for yttrium as a funtion of struture and pressure. The
Tc values given in the parentheses orrespond to µ
∗ = 0.12.
yttrium pressure (GPa) λ ωrms(K) Tc(K)
hp 0 0.55 193.5 0.3 (2.8)
hp 50 1.21 221.7 15.9 (19.8)
dhp 0 0.47 209.0 < 0.001(1.4)
dhp 50 1.24 214.2 15.3 (19.0)
try points A and M, as an be seen from Fig. 7 (a). The
ontribution to λ from symmetry point A is λq = 8.1,
whih arises from the lowest eight modes involving mo-
tion of all the four atoms in the x−y plane. Similarly, at
the symmetry point M, λq = 4.1, with the lowest mode
involving all the four atoms ontributing around 1.6.
A omparison of λq for unstable dhp and hp phases
with that of the stable hp and dhp phases shows signif-
iant ontributions from symmetry point K, in addition
to symmetry points A and M. The value of λq = 8.6
at symmetry point A arises from the doubly degenerate,
bond-strething mode of the two basis atoms in the x−y
plane, eah making a ontribution of 3.8 to λq.
We like to point out that the integrated values of λq for
the unstable phases may be similar to the stable phases
but the details are very dierent. We have also seen that
a substantial ontribution to α2F (ω) and onsequently
to λ omes from a small region in reiproal spae, us-
ing a uniform grid to sample the spae requires a dense
grid of points. Thus, our alulated values of α2F (ω)
and onsequently, λ an be improved upon by inluding
more q-points in the linear response alulations but it
is unlikely to hange the main onlusions of the present
work.
D. The Superonduting Transition Temperature
The possibility of superondutivity in hp and dhp
yttrium within the present approah an be heked by
solving numerially the isotropi gap equation
16,17
using
the alulated Eliashberg funtion α2F (ω). The results
of suh a alulation for hp and dhp yttrium for two
values of µ∗ are shown in Table II. At ambient pressure,
we nd hp yttrium to be superonduting with Tc = 2.8
K for µ∗ = 0.12 and Tc = 0.3 K for µ
∗ = 0.20. In the high
pressure dhp phase, the Tc inreases to 19.0 K for µ
∗ =
0.12 and 15.3 K for µ∗ = 0.20, respetively. In Table II
we have also listed the eletron-phonon oupling onstant
λ, and the various averages of phonon frequenies for hp
and dhp yttrium at both ambient and 50 GPa pressure.
IV. CONCLUSIONS
To understand the pressure-indued hanges in ele-
troni struture and eletron-phonon interation in yt-
trium, we have studied hexagonal lose-paked (hp) yt-
trium, stable at ambient pressure and double hexago-
nal lose-paked (dhp) yttrium, stable up to around 44
GPa, using density-funtional-based methods. Our re-
sults show that as one goes from hp yttrium to dhp
yttrium, there is (i) a substantial harge-transfer from
s → d with extensive modiations of the d -band, (ii)
a stiening of phonon modes, (iii) an eletron-phonon
oupling over the entire extended frequeny range with
eletron-phonon oupling onstant λ hanging from 0.55
to 1.24 and (iv) a hange in the superonduting transi-
tion temperature Tc from 0.3 K to 15.3 K for µ
∗ = 0.2,
onsistent with experiment.
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